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THE DISTRIBUTION OF LIQUID WATER IN HURRICANES

B. Ackerman ,

Department of Geophysical Sciences, The University of Chicago
»

1. INTRODUCTION

The University of Chicago Cloud Physics Laboratory has engaged in the
study of the microphysics of hurricanes over the last several years. This
activity has been sponsored by the U. S. Weather Bureau as a part of the pro
gram carried out by the National Hurricane Research Project.

This report is concerned with the research supported under U. S. Weather
Bureau Contract Cwb-9720, entitled Cwb Hurricane Research No. 5> covering the
period July 1, 1959 to June 30, i960. Dr. R. R. Braham, Jr. of the University
of Chicago served as general supervisor.

The primary responsibility of the Cloud Physics Laboratory under this
contract was the evaluation and analysis of cloud physics data collected by
Hurricane Project aircraft during the 1957> 1958, and 1959 operational seasons.
In addition, the laboratory was to have participated in the flight operations
during 1959 "to "the extent of providing a staff member to serve as flight ob
server and as advisor in the tasks of instrument calibration and data reduc

tion for the phase of the operation pertaining to cloud physics. Since the
aircraft were not equipped for the collection of cloud physics data during
1959> the energies of the Cloud Physics Laboratory were addressed entirely to
the analysis of data collected during 1957 and 1958. In particular, research
interest was concentrated on the evaluation and analysis of liquid-water-
content measurements and related data. This work was a continuation of that

undertaken under Contract No. Cwb-9^8^.

2. DESCRIPTION OF DATA

Collection

Water content measurements were made using both heated-wire and paper-
tape liquid-water-content meters. For reasons discussed in an earlier report
[2] the former is believed to underestimate seriously the water content of
hurricane clouds. Therefore, the analyses were restricted to measurements
made using the paper-tape instrument. These measurements, as well as the air
speed measurements needed for evaluation of the data, were continuously re
corded by a Heiland oscillograph recorder. Details of the instrumentation
and of the techniques used in the collection, reduction, and evaluation of the
data, and a list of the available cloud physics data may be found in the fore-
mentioned report.



The hurricane flights were made by three airplanes - two B-50's and one
B-47. The latter carried no cloud, physics instrumentation. One of the B-50's
No. 007, was not outfitted with the paper-tape water-content meter Therefore'
only flights made by aircraft No. 032 (entitled B-flights) could be used in '
this study. All water-content data collected on the following flights were
reduced: TO15-B (Carrie 1957); 80813-B (Becky 1958); 80825-B and 80827-B
(Daisy 1958); 80924-B (Helene 1958).

Characteristics of Cloud and Water Distributions

Although many radar and photographic records were collected by the
National Hurricane Research Project aircraft, only a small portion have been
analyzed and the cloud structure and distribution in hurricanes are still im
perfectly known. Private communications with individuals who have partici
pated in hurricane flights indicate that the structure and distribution change
during the life history of a given hurricane and vary considerably from storm
to storm. In general, however, well-spaced convective bands are imbedded in
widespread layers occurring at several levels, with the former occupying only
a small fraction of the total area covered by the hurricane system. Radar ob
servations also indicate a low areal density of convective clouds.

The water-content measurements suggest a similar areal distribution. On
most flights the airplane encountered fairly steady water content values of

0.25 g./m periodically interrupted by cells of heavy concentrations of
water, 1-1/2 to 3 miles in length. The water content in these cells was simi
lar, in magnitude and variability, to that observed in convective clouds of
both disturbed and fair weather [1, 7]. There was a high degree of variabil
ity along the line of flight with the water occurring in cells having widths
of several hundred to a few thousand feet. Superimposed on this array were
smaller-scale fluctuations. Tnese had periods too long to be instrumental
noise but which may have represented "physical noise. " An example of measure
ments obtained in convective bands is given in figure 1.

Although water content in excess of 1 g./m.^ was found chiefly in the
small fraction of the hurricane represented by the convective bands, water
cells of moderate intensity (under 1 or 2 g./m.3) were occasionally encounter
ed during traverses through layer clouds. These cells were usually quite
small - less than 500 or 600 m. in length.

Data Reduction and Analysis Techniques

Although continuous measurements were available, the data were reduced
in the form of averages over 1-sec. intervals (roughly 110-125 m. in travel
distance at the speed of the aircraft). This enabled examination of macro-
scale features by simple mathematical manipulation of the large volume of data
involved, while sufficient information on the grainy nature of the water con
tent distributions was retained for analysis of the micro- or meso-scale vari
ations. Computations of the power spectrum and autocorrelation coefficients
are being made for a study of the micro-structure of the water distribution in
convective bands. This study is now in progress but has not yet been completed.
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Figure 1. - An example of the water content measurements obtained in a convec
tive band.

For the study of the macro-features of the hurricane, the 1-sec. means
involve a volume of data much too large to be easily handled or absorbed, and,
moreover, give more detail than is necessary. Consequently, average values of
water content were computed for "homogeneous" sections, loosely defined as
follows: (a) almost constant water content values with perhaps a few very
small cells of variable water (duration 5 sec. or less),, or (b) cloud band
composed of one or more cells. The second categary was sometimes further
divided when the bands were composed of several large cells having well-defined
boundaries. For descriptive purposes, these averages are plotted along the
flight paths in the relative coordinate system (e.g. figs, k, 12).

Also included on these plots are the locations of radar echoes, "com
posited" from the radarscope photographs obtained on the flight. The task of
fitting the water measurements and the radar echoes is a time consuming and
difficult one because of the transient nature of the clouds. Studies by
others [13, Ik] indicate that the individual cloud units in convective bands
last from 10 to k$ min. with an average duration of about 30 min., and that
the life span of the band as a whole is of the order of 2 hr. In addition,
individual clouds in a band move very rapidly - roughly with the speed of the
winds [9] •

Since (for the range used) the first few miles around the airplane were
obscured on the radar scope by the transmitted pulse, it is necessary to inter
polate between pre- and post-probe locations of the echo to fit the water and
echo patterns. In order to obtain a sensible picture of the band structure,
convective echoes at some distance from the plane should also be shown; how
ever these usually do not then coincide with the water pattern obtained when
they were penetrated at some later time.



As a compromise, in most cases, only those echoes are plotted which are
close in time and location to the probe of a significant cloud formation
For example, in figure k, for the west wall are plotted only those echoes at
1917 and 19^a GMT, approximately the times of the traverses through this wall
Similarly only the echoes for 1923 and 1942 GMT were plotted for the east wall'
When the storm flights covered large areas, the radar cloud bands were well
separated, and the band penetrations were widely scattered, all echoes appear
ing on the radarscope at a given time are shown. In these cases, the direc
tion and speed of echo movement are given in the text so that it is possible
to fit the water and echo patterns. However, it must be realized that none of
the echo mappings duplicates the true cloud pattern at any given time It is
believed that they usually overestimate the coverage of the convective cloud
systems.

Additional information as to cloud types and patterns was available from
visual observations made by the Cloud Physicist and the Flight Meteorologist
and from the cloud-particle samples obtained using the Foil Sampler This in
strument and the distributions of the samples collected in hurricanes are de
scribed in [k, 5J. For the present analysis the foil samples were used only
to identify the character of the hydrometeors; i.e. solid or liquid.

For a semi-quantitative discussion of the gross areal array of the liquid
water, the storms were divided into sectors and the frequency distribution of
the water content values (l-sec.means)in each sector used as the statistic for
comparison. In considering the variation of the water content with distance
from the center of the storm, the total area covered was divided into 20-mi
wide concentric rings. Only measurements made outside the eye were included
so that the innermost annulus was defined by the inner boundary of the wall
cloud on the one side and the 20-mi. range on the other. This may bias the
resulting distribution since the area so defined is largely filled with wall
cloud which usually has relatively high water content. The possibility of this
bias should be considered when comparing the distribution for the inner annu
lus with those for more distant rings.

The variation of water content with azimuth was studied in a gross manner
by dividing the storm into quadrants, using the direction of motion as a basic
reference. The division was made in two ways: one using the lines at ik-5°
from the direction of motion and the other using the direction of motion and
its perpendicular (see fig. 2). The data were also divided into near and dis
tant classifications, using the 60-mi. range line as the line of demarcation,
in 'order to permit comparisons between storms. (Data are not available for
ranges beyond this limit on all of the flights studied.)

A theoretical adiabatic liquid-water content has been computed for each
flight and altitude. The calculations were made under the basic assumptions
of parcel ascent from cloud base to measurement altitude with no dilution and
no storage or loss of condensed water through settling or phase change (other
than that implicit in a moist adiabatic process). The temperature and humid
ity soundings used were the August and September means for the West Indies
published by Jordan [8]. Pressure height curves were determined from NHRP
data printouts; estimates of cloud-base heights (the base of cumulus clouds
was used) were obtained from Navy reconnaissance flights.
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Figure 2. - Models used for the division of the storm area into quadrants.

It must be realized that the adiabatic water content is computed for
highly idealized conditions and therefore may differ significantly from the
true value. Where storage is significant, the water content may exceed the
adiabatic; where entrainment is significant, when solid hydrometeors are pre
sent, and/or in layer clouds where cloud bases may be at much higher levels
than that assumed, the computed water content may greatly overestimate true
conditions. The computed water content remains a useful tool primarily in its
role as a reference value. Deviations from this reference give an estimate of
the degree to which the actual conditions differed from the assumed ones and
are suitable for storm, altitude, and temporal comparisions.

The macro-features of the water distribution are discussed by storm in
Section 3- Tabulations of the 1-sec. mean values of water content for all
reduced records have been supplied to the National Hurricane Research Project
Operations Base in Miami, Fla.

Representativeness of Measurements

The data must be interpreted with two considerations in mind: the char
acteristics of the measuring instrument and the general characteristics of the
parameter being measured. The former is considered in detail elsewhere [2]
for above-zero temperatures. At temperatures below zero, clouds may be com
posed of both solid and liquid particles; the paper-tape meter measures only
the liquidportion of the mixture. In addition, in liquid-water clouds at
temperatures below freezing, icing may occur around the sampling aperture,
causing a decrease in the volume of air sampled. The instrument has no pro
vision for monitoring icing or for measuring the air flow. Therefore when
icing occurs, the calculated volume concentration underestimates the true den
sity of the water. Because of compressional heating of the air in the vicin
ity of the sampler and frictional heating of the housing skin, icing probably
is not a serious problem unless the ambient air temperature is more than a few
degrees below zero.



The questions of representativeness arising from the areal extent of the
hurricane system, the low areal density of the convective cores, and the
transient nature (both in time and space) of the clouds are more difficult to
evaluate. Since the data are collected from a single moving platform, the
samples not only represent a very small fraction of the total population, but
also include spatial and temporal variations. In interpreting any of the re
sults it is necessary first to question the representativeness of the samples
under consideration.

If, as suggested by Malkus et al. [11], there are preferred areas for the
generation of large penetrative convective clouds and that the locations of
these preferred areas remain relatively constant with respect to storm center,
then direct comparison of measurements made in one storm sector with those
made in another sector an hour or so later may be valid. However, until there
is further proof that a persistence in the location of active convection does
exist, such comparisons must be made with care.

It is felt that the samples .obtained in traversing extensive storm sec
tors were sufficiently large and were collected in a sufficiently random man
ner for the frequency distributions to be fairly representative. Although the
collections from two storm sectors may have been made an hour or two apart,
other studies indicate that changes in the general flow patterns in the hurri
cane are so slow that the gross features of the areal distribution of water
content probably do not change too much in the times considered. This however
need not be true of the details of the distribution.

3. MACRO-FEATURES OF THE WATER DISTRIBUTION

Hurricane Carrie, 1957

Hurricane Carrie was one of the longest-lived hurricanes on record;
hurricane-force winds were observed from September 7 to 17, 1957. The mini
mum surface pressure of 9^5 mb. occurred on September 12. The storm, moved
westward until the 12th, turned northward, and veered west-northwestward again
on the 14th. Final recurvature to the east took place on September 16.

Water-content data are available for flight 70915B made by WB-50 No. 032
qn September 15, 1957- At this time the storm was fully mature, with a cen
tral surface pressure of 960 mb. It was located at about 30°N., 57°W. and
was, moving on a course of 300° with a speed of about 12 kt. The cloud strucr
ture was composed of four or five convective bands, imbedded in continuous
cloud decks occurring in several layers. At the flight level (l8,000 ft.) the
cloud decks were mainly altocumulus and altostratus and extended outward from
the center to a distance of 120 mi.

The eye* was about k-0 mi. in diameter and was well defined, with cloud
towers reaching to 38,000 ft. Although the eye appeared to be completely en
circled by clouds, the radar observations indicate a non-uniform spatial dis
tribution for the heavier rain areas (fig. 3). At least for the period of
time that the wall clouds were within range of the airplane's radar, the cloud
band outlining the west side of the eye was larger, more homogeneous, and
greater in intensity than that on the east side of the eye.. The band on the
east side of the eye also seemed to have a shorter lifespan. ,
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Most of the flight was through extensive cloud decks; the weather re
ported was usually light rain, with occasional reports of light snow and con
vective clouds. The convective clouds are clearly manifested in the records
as large increases in both' the magnitude and the variability of the water
content and in the airspeed fluctuations (an indicator of gustiness).

The airplane operated out of Bermuda, flew southeast to the storm, and
made its penetration in the late afternoon. Shortly after the first eye pene
tration, there was an engine failure and the flight had to be terminated.
However, a second eye penetration was made on the course adopted for return to
base. The period covered in the analysis is quite short (from 191^ to 2000
GMT) - primarily because the recorder paper was depleted on the inbound leg
some 80 mi. from center and was not replenished until the plane was within 20
mi. of the eye.

Due to an unusually high noise level in the measurements, uncertainties
in the water-content measurements may be as much as 0.2 g./m? in some sec
tions (particularly on the outbound leg). Although the high noise level may
have been partly meteorological (high-frequency graininess in the continuous
rain) the time coincidence between the onset of the engine trouble and a
sizable increase in the noise level, suggests that it was due primarily to
instability in the power supply. There also exists the possibility of resi
dual moisture in the tape itself.

Although the flight was made above the freezing level, the free air tem
peratures were usually above -3°C., and it is felt that icing was negligible.
However, there were reports of solid, as well as liquid, hydrometeors.

In figure k the average water content over "homogeneous" sections and
the pertinent radar echoes are plotted along the path of the airplane, in the
manner described in Section 2. In addition to the wall bands, there was a
band of relatively heavy water concentration about kO mi. to the west of the
hurricane center and a band of convective echoes (not shown) at about the
same distance east of the eye.

The distance over which high water-content values (averaging over 0.5
g./m. 3) extended was slightly greater in the western wall than in the eastern
wall. This suggests that the wall band to the west of the center may have
contained more water, though not necessarily in greater concentration. The
maximum 1-sec. mean encountered on the first penetration of the west band was

2.M) g./m. , on the second penetration it was 1.16 (on this penetration the
water content remained fairly high throughout); the maximum 1-sec. mean en
countered on the first penetration of the east wall was 0.82 (this traverse
was probably between cells of the band), on the second penetration it was

1.7^ g./m« The water content values encountered in the band lying ^0 mi.
west of center were almost as large as those in the wall. Over the most con-

centrated portion the water content averaged 0.80 g./m. and reached a peak

of I.56 g./m.5
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It is obvious from figure k that for long periods the airplane was in

layer clouds with water content averaging 0.3 to O.k g./m. Calculations
made on purely adiabatic considerations suggest that the bases of these layer
clouds may have been about 1000 ft. below the flight altitude.

The theoretical adiabatic water content was 7.6 g./m. ; observed water

content never exceeded 2.8 g./m. Therefore even at maximum points the water
content was less than kO percent of that expected from purely adiabatic con
siderations. Diminishment of the liquid water is possible in many ways -
dilution in the cloud, rainout, and, in this case, transfer of some of the
liberated water into the solid phase.

Frequency distributions of measured water content (l-sec. means) are
skewed to the right in figure 5- The majority of the area sampled had very

low water content: water content values in excess of 0.5 g./m. occurred in

about 5 percent of the area sampled; in only 1 percent of the area were they

in excess of 1.0 g./m. In most of the storm area traversed, the water con
tent values were less than 5 percent of the theoretical adiabatic value.

A comparison of the frequency distributions for the 20-mi.wide annular
rings indicates, a decrease in the incidence of the higher water content with
range and also a consistent shift in modal values. The differences are most
pronounced between the first and second annuli.

In figure 6 are shown the frequency distributions of water content (l-
sec. means) for various quadrants of the storm. It can be seen that the wa
ter content tended to be higher in the forward portions of the storm than in
the rear portions. There is a one-interval shift in the modal value between
the front and rear quadrants, as well as much lower incidence of water con

tent greater than 0.5 g./m. in the latter. Since the data for the left sec
tor were collected entirely in the forward half of the storm but those for
the right sector were collected in both rear and forward portions, comparable
data are available only for right front and left front quadrants (fig. 6). A
comparison of these suggests that the water content may have been somewhat
greater on the right side of the storm (although individual high-water-content
cores were observed on both sides).

Tropical Storm Becky, 1958

This storm was first noted on August k, 1958> as an easterly wave lying
at about lk°\J. It moved rapidly west and west-northwest recurving on August
15 from a position of about 32°N., 75°W. Becky reached its most intense
stage on August 12 with maximum winds of 60 to 70 kt. and minimum surface
pressure of 1006 mb., and remained essentially unchanged for about 2k hours.
Neither wind nor cloud field was well organized or particularly intense at any
time.

The hurricane Project airplanes flew into the storm on August 13 and
August 15. The water data collected by aircraft No. 032 on the former day
have been analyzed. At the time of this flight (80813B) the storm was lo-

• '• k WW*™**""*^^^1-**!!™^ ""?»
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cated at approximately 21°N., 60°W. and was moving on a heading of 290° at 21
kt. The maximum winds were about 60 kt. and the central surface pressure was
computed to be about 1006 mb. Although well-defined cloud lines were observed
in the outer sections of the storm, particularly to the north, there was
little organization near the center of circulation - and certainly nothing re
sembling an eye wall. Consequently, it was difficult to identify the center
of the storm from the radar.

The wind circulation at the flight level (15,600 ft. ) was diffuse and
weak. The highest winds encountered by the airplane were about 30 kt. - in a
cloud band almost 100 mi. north of the storm center. Penetrations were made
into several cloud lines and on one or two occasions into stratiform decks ex
tending out from the heavier portions of the lines. However, widespread cloud
layers were not observed, and most of the time the airplane was flying through
clear air.

The flight covered a large area - extending from l*f0 mi. west of the cen
ter of the storm to about 100 mi. east, and from 80 mi. south to 100 mi. north.
All available water content data were evaluated; unfortunately, the Heiland
recorder lacked paper supply for about an hour right in the middle of the
flight.

The pertinent equipment operated very well throughout the flight and the
water-content measurements were very good. Although the flight was made in
the vicinity of the freezing level, the air temperature was seldom below -3°C.
and it is felt that icing of the water-content meter housing was negligible.
However, the measurements refer to liquid water only - and solid hydrometeors
were observed.

The average water content value over "homogeneous" segments, radar echoes,
and observer comments are shown along the flight path in figure 7. The radar
was operated with a maximum scope range of 60 mi. during most of the flight;
the echo pattern shown for any specified time includes all echoes detected.
Estimates of the direction and speed of the movement of the radar bands were
obtained by tracking over consecutive 5- to 10—min. periods.

There were at least two, and possibly three, large convective bands in
the area shown in figure 7 during the period of the storm penetration. How
ever they were not in the area concurrently and there is, in fact, some
question as to whether they all were in existence at the same time. Initially
(2001 (MT echo) a long convective band extended for nearly 100 mi. from about
30 mi. northwest of the storm center curving around to the east and then to
the southeast of the center. The echo detected at 2036 GMT probably was a

—>-
Figure 7. - Average water content over "homogeneous" segments plotted along

flight path and radar echoes in tropical storm Becky on August 13. All
echoes detected at the specified time are plotted; maximum radar range
was 60 n. mi.

•^»"CT™»reBBat»i3ra-t=3=rr^^
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southern extension of this band, which either lay beyond the range of the ra
darscope at 2001 GMT or developed in the intervening time. The appearance of
the radarscope at 2036 GMT suggests that there may have been cloud areas to
the north and east which were not detected because of beam attenuation in

heavy precipitation. This cloud band moved rapidly to the east-northeast
(relative system), the band itself at 80 to 90 kt., the smaller outrider
echoes at nearly 100 kt.

The extreme northwestern portion of the band was traversed perpendicular
ly at about 19^8 GMT. The water content varied in a manner typical of cumu
lus clouds, reaching a maximum of about O.65 g./m.5/but averaging only

slightly over 0.3 g./m. About half an hour later-a small bi-cellular out

rider cloud lying to the west of the band proper was penetrated. Again the
water content measurements were typical of convective clouds - the average
over the cloud as a whole was about 0.3> with a maximum 1-sec. mean of 1.05

/ 3
g./m. There was no evidence of any but liquid hydrometeors on either of
these penetrations.

The airplane skirted the western edge of the band as it continued south
east, entering the edge of a stratiform cloud that extended out westward from
the southern end of the cloud band at about 2030 GMT. The water content mea
surements lay almost entirely between 0.1 and 0.2 g./m.5 and had the charac
teristics of stratiform clouds. However, the cloud physicist reported snow
and slush during the period of the measurements and samples of cloud particles
from the foil sampler verify the existence of both solid and liquid hydro
meteors. Equivalent water content, computed from the foil samples, was about

0.3 g./m-5

Measurements were obtained through much of the length of the band when it
lay about 100 mi. to the east of the storm center. During this penetration,
the radarscope was saturated for the first few miles, fading out gradually
with range - obviously detection of more distant echoes was not possible be
cause of the attenuation of the radar beam in the.heavy precipitation area in
the vicinity of the airplane. Very high water content was encountered, and
again snow and slush were reported. The cloud particles were so large and
numerous that the lead foils were mutilated on exposure. The most concentrat
ed water content for the whole storm flight occurred in this area - averages
of between 0. 5 and 1.0 g./m.3 over distances of a few miles were not uncommon.
Because of the existence of solid hydrometeors this is an underestimate of the
total precipitation content. The largest values were encountered in the south
- over a small section averaging nearly 1. 5 g./m> > with a maximum 1-sec. mean
of 2.27 g./m.^ The southern section of the band was more typically convective
than that in the north, both in the character of the turbulence and in the
cellular variation of the water content. The water-content measurements in

the north exhibited a mixture of the characteristics for convective and layer-
type clouds; there were no large cellular divisions, but shorter-period vari
ations (less than 1000 ft. in length usually) were superimposed on a fairly

constant, but high (0.5 to 1.0 g./m. usually) level of water content. The

northern section of the band may have passed its peak and been precipitating
out.

~^'*^-^*r**&*v&F3=?&*iiitsi^
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Unfortunately, there are very few data of a cloud physics nature for the
time that the airplane flew west to the eastern limits shown in figure 7 -
both the Heiland recorder and the radar camera lacked film supply. High val
ues of water content, lightning, and turbulence were reported several times
at about 2135 GMT, in the area lying between 10 and 30 mi. northeast of the
storm center. A convective band must have been penetrated - one located to
the west of that shown in the figure, which if it still existed, would have
been located 50 to 100 mi. to the east. \i

\)
The echo detected at 2155 GMT suggests the existence of a heavy rain |

band to the north and west of the center of the storm. A similar echo was de- jj
tected in a position 20 to 30 mi. northeast of this one about an hour and a j-
half later, as the airplane took up a course for home-base. No Heiland data
are available for these segments of the flight. •• ';

• :i

The echo patterns shown in the southwest quadrant are fairly representa
tive of the scattered cloud conditions that existed in this area at all times ']
that it lay within the range of the airplane's radar. A large area to the
west of that shown in figure 7 was also traversed (extending to 1^0 mi. west
of storm center) but only a few isolated cumuli were observed.

i

The WW - ESE line of well-spaced -echoes detected at 2155 GMT, and also
the similar one lying in about the same location an hour later, were somewhat
more extensive and continuous at other times, but while in the range of the
radar, never became solid bands. One of the small clouds in the first of
these two lines was penetrated at about 2205 GMT. At this time it was com
posed entirely of water drops and had an average water contnet of about 0A5

g./m.^, with amaximum 1-sec. mean of 0.90 g./m.^ The plane flew between
clouds when passing through the second line.

A third line was located in the extreme southwestern corner of the area.
On a penetration through two cells in the largest echo of this band the water
content measurements averaged 0.99 and 0.71, with a maximum 1-sec. mean of

1.80 g./m. No solid hydrometeors were reported.

The theoretical adiabatic water content for the flight level was 7-1^

g. /m.* In clouds in which both solid and liquid hydrometeors were detected,
large deviations from this value are to be expected. However, even in the
small, all-water cells, the water content values including the maximum points,
were less than kO percent of the theoretical value.

The predominance of low water content in the regions traversed by the
airplane is evident from figures 8 and 9- The shapes of the frequency dis
tributions are greatly influenced by the fact that a large portion of the
storm penetration was through clear air. For this reason, the fraction of
the traverse that was cloud-free is shown also. At least ^5 percent of the
total area traversed was clear of clouds. The.incidence of water content

values in excess of 0. 5 g./m. was very low, indeed negligible, within 60 mi.
of the center of the storm.

Comparison of the frequency distributions for successive annular rings
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FLIGHT 80813 - B
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Figure 9. - Frequency distributions of water content (l-sec. means) in
tropical storm Becky, by quadrant. Division into sectors according
to figure 2.
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within 100 mi. of center (fig. 8) suggests a slight decrease in water content
with range; this trend is completely refuted by the measurements for the 100
to 120 mi. annulus in which exceptionally heavy concentrations of water were
encountered. The high values for water contents in the area were collected
almost entirely during the longitudinal traverse through the long convective
band shown much closer to the storm center in figure 7, but the heart of wmch
was not penetrated until it lay far to the east. There does, however, seem
to be a consistent tendency for the amount of clear air to increase with
range.

The distribution of water in the various quadrants is shown in figure 9-
There was relatively little difference between quadrants (within 60 mi. of
stom center) except that the incidence of cloud-free air was much lower in
the left-rear quadrant than in the others. Between 60 and 120 mi. from the
storm center, the water content tended to be much higher and the incidence of
cloud-free air much lower in the rear than in the forward parts of the storm.
However, as in the case of the 100-120 mi. annulus, this was due primarily to
the longitudinal traverse of a single band.

Hurricane Daisy, 1958 .

Hurricane Daisy began as a small cyclonic system, which, on August 23,
1958, broke off from a stagnating wave located at 20°N., 75°W. Intensifica
tion be-an on the evening of the 2^th and proceeded rapidly. The winds reach
ed hurricane force early on the 25th and continued increasing in strength as
the storm deepened - to in excess of 100 kt. at the height of the storm. _The
storm moved toward the northwest and west-northwest at 7 or 8 kt., recurving
toward the northeast around midday on the 26th. The lowest surface pressure
(9if8 mb. ) occurred late on the evening of the 27th.

The clouds occurred in several layers. Navy reconnaissance reported
cumuliform clouds covering k/Q to 6/8 of the sky: small cumuli with tops at
6000 ft., occasional patches of bulging cumuli reaching 10,000 to 15,000 ft ,
and scattered areas of cumulonimbus clouds with tops at 20,000 and 30,000 it.
Layers of altostratus clouds at 10,000-12,000 ft. and an overcast of cirrus
or cirrostratus at 30,000 ft. were reported through most of the storm region.

The radar echo configuration, which was well defined for the period of
tife 25th through the 27th, was elongated in aroughly NNW-SSE direction (figs.
10 11) ^e radar eye had a diameter of 15 to 20 mi. on the 25th, and was
partially open on the west for most of the flight period. It was even smaller
(diameter of about 10 mi. )on the 27th and usually closed. The wall cloud ex
tended to lj-0,000 ft. There was severe weather in all quadrants close to the
center of the storm, but the severest weather, at least during the period of
intensification, was reported in the southeast quadrant.

The NHRP airplanes flew eight missions into hurricane Daisy. An exhaus
tive description of the data collected and the analyses made by the Hurricane
Project staff" in Miami has been published by Colon [6]. In addition, special
characteristics of the storm have been studied by others [9, 10; H* J-fJ«
The water content data are described herein as a supplement to these studies
Data are available for only two flights - one on the 25th and the other on the
27th.

_
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Flight 80825B. - This flight was made at about 15,600 ft. between 2000
GMT on August 25 and 0230 GMT on August 26th. The central surface pressure
at this time was 992 mb. and falling rapidly. The storm was moving north-
northwestward at about 7 kt. One of the objectives of this mission was a
seeding experiment [3]. In connection with this experiment, extensive maneu
vers were executed in the northeast quadrant of the storm. The remainder of
the flight followed a cloverleaf pattern.

Water content data are available for most of the period from 2053 "to
0115 GMT: the major breaks in continuity occurred from 2136 to 2226 GMT while
the northeast quadrant was under surveillance, with another 15-min. break oc
curring on one of the traverses through the southeast quadrant. The cloud
physics data are of good quality. Although the flight was made above the
freezing level the free-air temperatures were generally warmer than -3°C. and j
icing of the water-content-meter housing was probably negligible. However,
mixed hydrometeors were observed and collected with the foil sampler in many
parts of the storm and it must be recognized that the measurements in these
sectors refer only to the liquid portion of the cloud mass.

In figure 12 are shown the water content data along the flight path, and
descriptions of clouds and hydrometeors culled from observers' reports and
foil samples. Also shown are echo patterns for a sequence of observations
close to the middle of the observational period. The radarscope had maximum
range of 20 mi. for most of the flight; the radar coverage for the times noted
in the figure was extended by using 'scope pictures covering several minutes.
The locations of echoes which were out of range at the specified time were ad
justed using the direction and speed of motion of the echoes as determined
from a sequence of pictures. Since the flight covered several hours, there
were radar data available at intervals of l/2 to 1 hour for several parts of
the storm. In some locations there were significant changes in the echo pat
terns between the observations. These will be discussed below in connection
with the water measurements. However the sequence shown in figure 12 gives a
fair representation of the conditions met in the storm.

It may be seen from figure 12, that the convective bands and the high
water content values tended to be concentrated in the eastern half of the
storm. During the time that it was under suveillance, only the three con
vective bands shown (plus a fourth small one just beyond the southwestern-
most excursion of the aircraft) were detected in the whole western half of
the storm beyond 20 mi. from center. (The area within 20 mi. is considered
part of the wall structure and is discussed below. ) Other than these bands,
only clear air or thin altostratus were encountered.

The two bands in the northwest quadrant were composed of relatively
small, well-separated echoes. The individual units moved S or SSW at 65 to
70 kt.; the bands as a whole had a counterclockwise rotation. The clouds
penetrated in these bands were composed entirely of liquid hydrometeors at
the flight level, with water content averaging O.k to 0.6 g./m.^ The highest
water-content measurements were about 1 g./m.

The band shown in the southwest quadrant (00^2 GMT) may have been one
detected and penetrated nearly an hour earlier in the northwest. (Because of
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